Abstract: Graphene (Gr) nanoflakes with multi-layer structures were dispersed in the nickel (Ni) plating solution by using surfactant and magnetic stirring method. Gr flakes were co-deposited with the Ni crystalline through plating process to form Ni-Gr composites on a substrate. Gr was uniformly dispersed in the Ni matrix and the oxygen radicals present in the Gr were reduced during the electro-deposition process. Incorporation of Gr in the Ni matrix increased both the inter-planar spacing and the degree of preferred orientation of Ni crystalline. The elastic modulus and hardness of the Ni-Gr composites reached 240 GPa and 4.6 GPa respectively, which are about 1.7 and 1.2 times that of the pure Ni deposited at the same condition. The increase in the mechanical properties of the composites is attributed to preferred formation of the Ni crystalline phases in its (111) plane, high interaction between Ni and Gr, and the excellent intrinsic mechanical properties of Gr. Results suggest that this method of using Gr directly instead of GO is efficient and scalable to be used in industry.
Introduction
Two dimensional (2D) materials, especially graphene (Gr), have received great interests since Gr nanoflakes were first obtained by a simple mechanical exfoliation method in 2004 [1] .
Gr has excellent electrical, thermal, and mechanical properties [2] [3] [4] [5] . Mechanical measurements show that perfect single-layer graphene exhibits a Young's modulus (E) of 1.0 TPa and a fracture strength of 130 GPa. Such extraordinary mechanical properties make them potentially valuable materials for their use as a reinforcing medium [6] . Gr has been used to reinforce the polymer and metals to improve their mechanical properties. With the addition of Gr into Al [7, 8] , Cu [9] , and Mg [10] matrices by powder metallurgy routes, into Cu [11] and Ni [12] by direct current (DC) electro deposition, and into Cu [13] by a molecular mixing process, dramatic improvements in mechanical properties of the respective composites have been achieved. Ni-based composites have been widely adopted in automobile and aerospace industries because of their high specific strength, favorable wear and corrosion resistance, and high toughness [14] [15] [16] [17] . Ni composites are usually reinforced with fibers or nanoparticles to improve their mechanical properties while keeping their excellent thermal and electrical conductivities. CNT is one of the most widely used materials to strengthen the Ni matrix and the mechanical property of the Ni matrix is improved greatly by the addition of CNT [18] . As another novel member of carbon family, Gr is also been expected to significantly increase the hardness and Young's modulus of the Ni matrix as that of CNT [19] [20] [21] [22] [23] . Furthermore, as a 2D material, Gr-Ni composites are expected to have higher force transmission than that of CNT. Ni-Gr composites thus have great interests and have been widely prepared by electro deposition method [21, 22] . By using this method, GO was dispersed in the plating solution to form Ni-GO composites firstly owing to its stable dispersion in water since Gr is not dissolved in water, and then GO in the Ni-GO composites is reduced at high temperature to from Ni-Gr composites [21, 22] . However, the challenge of the method is the high temperature technology used for reducing GO to Gr, which not only decreases the density of the Ni composites but also complicates the quality control of the Ni crystalline formation. Furthermore, the mechanisms for the formation and the improvement in the mechanical properties of Ni-Gr composites have seldom been studied in detail previously.
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In this work, by using a surfactant and applying vigorous stirring conditions, Gr (instead of GO) was dispersed in the Ni plating solution. Ni-Gr composites were electro deposited directly onto a steel substrate without further processing. Both the formation and the mechanical property of the Ni-Gr composites as-prepared have been investigated. The reinforcement mechanism is also discussed in detail.
Deposition experimental and material characterization
Ni and Ni-Gr composites were synthesized by electroplating method. Gr nanoflakes of multilayer with thickness of 3-5 nm synthesized by using GO as the source material through high temperature reduction [24] were used in the deposition. Ni and Ni-Gr composite samples were characterized by Raman spectrocopy (inVia-Reflex, Renishaw plc, 514 nm laser), X-ray photoelectron spectroscopy (XPS, VG ESCALAB MARK II® system, VG instruments, Al Ka, 5kV), X-ray diffraction (XRD, Empyrean
Panalytical 200895, Cu, Kα), EDS, and scanning electron microscopy (SEM, Hitachi S-4800), Nano indentation (TriboIndenter, load 5s, hold 5s, unload 5s, the maximum force is 5 mN ).
To identify if Gr nanoflakes are incorporated inside the Ni film, the deposited Gr-Ni 4 composite films were polished using XXX to remove approximately X-X µm of the top layer, then they were characterized by various methods.
Results and discussion
Crystal structure characterization due to the existence of oxygen radicals that remained in the source Gr nanoflakes being used [24] , as exhibited by the XPS analysis of the Gr as shown in Fig. S1a . The grain size synthesized by lower current density is smaller than that by higher current density, which results in a higher density of interfaces for the lower current density sample than that of higher current density sample as shown in Fig. 3g-3l .
The SP 2 C-C content in Gr can be obtained from the XPS peak ratios. As shown in Fig. 4 , the SP 2 C-C content is 71.4% and 83.9% in Gr and Ni-Gr composites respectively, indicating that the oxygen radicals remained in Gr are reduced further when incorporated into the Ni matrix by plating method [25, 26] . It was also confirmed by the Raman results, which will be discussed below.
Mechanical Properties characterization
Fig. 5a and 4b shows the load and unload curves of both Ni-Gr composite and pure Ni, indicating that mechanical properties are improved with the incorporation of Gr. The grain size of the Ni-Gr composites is larger than that of the pure Ni and it is increased linearly with the increase of current density compared to that of the pure Ni as shown in Fig.   6a and 6b respectively. The hardness of the Ni-Gr should be decreased with the increase of the plating current density due to the grain coarsening as shown in Fig. 6b . However, as shown in Fig. 6l , the hardness ratio increases with the plating current density. It indicates that there are others factors besides the grain size that may affect the hardness of the Ni-Gr composites. As shown in Fig. 6j and 6l, the elastic modulus varies in the opposite direction with that of the hardness with the increase of current density. As exhibited by the variation of Firstly, the elastic modulus of Gr is higher than that of Ni matrix and thus the higher Gr contents results in the higher elastic modulus of the Ni-Gr composites. Secondly, Gr can prevent the slide of the dislocation in the Ni matrix and thus will induce the increase of the elastic modulus in the Ni-Gr composites. However, the variation of hardness is different than that of elastic modulus with the increase of plating current density as shown in Fig. 6i-6l . It is probably due to the reason as follows. Firstly, the variation in the interface quantities between 6 different planes that induced by the variation of the orientation growth of Ni(111) plane will induce the hardness variation in the opposite direction compared to that of elastic modulus.
Secondly, the decrease of hardness at high plating current density is probably due to the grain coarsening while the decrease of hardness at low plating current density is probably due to the increase of the slide between layers of Gr. Almost at all current densities, Ni grain size in the Ni-Gr composites is relatively larger and experiences steeper increase with current density than that of the pure Ni, which might be due to the increase in the growth rate of Ni (111) plane and can also be confirmed from SEM shown in Fig. 3g-3l . The larger grain size and the higher orientation of the Ni crystalline phase can benefit the improvement of the elastic modulus while can decrease the hardness of the Ni-Gr composites due to the lower quantity of boundary interfaces with lower elastic modulus and the higher elastic modulus of (111) plane than others plane. Another reason for the improved mechanical properties of the Ni-Gr composites is that Ni and Gr has relatively strong interaction, indicated by their strong interaction energy (24 ev) [20] and the high solubility of the C in the Ni [28] . Moreover, the -COOH and -OH groups attached to the Gr (EDS results in Fig. 3 prove the existence of oxygen related groups in Gr) are expected to form covalent bonds between Ni and the Gr. These types of covalent bond between metal and Gr, and between metal and CNTs have been reported previously [13, 29] .
Inter-planar spacing parameter, d Ni (111), presented in Fig. 2d clearly shows that the Gr has been incorporated between the planes, due to its strong interaction with Ni, and has distorted the Ni crystalline structure. No formation of second phase shows that C is dissolved in Ni lattice and stress is produced for Ni matrix to sustain the lattice location. As shown in Fig. 2d , this distortion or inter-planar spacing value is larger for the lower plating current density. Both 7 of these factors, Ni-Gr interaction and the covalent bonds between Ni and Gr, result in the Ni-Gr interfaces that can transfer the load more effectively which lead to the improved mechanical properties. Previous study on metal-graphene layered structures have reported that the presence of even a single atomic layer of graphene between the metal layers, due to its great mechanical strength and resistance to rupture and shearing can effectively block the propagation of gliding dislocations across the metal-graphene interfaces [20] . We believe that in our Ni-Gr composites, effective load transfer between Ni and Gr due to their strong interaction and the effectiveness of Gr to act as a barrier to dislocation propagation at the higher compressive strains lead to improved values of elastic modulus and hardness compared to the pure Ni.
In summary, The Yong's modulus of the Ni-Gr composites is increased mainly due to the combined effects of high elastic modulus Gr incorporated in the Ni grain, Ni-Gr interaction and the increase in the number of certain Ni crystalline planes with higher elastic modulus values.
Conclusions
Ni-Gr composites were successful synthesized by electroplating method through adding the Ni-multilayer Gr (blue). Figure S5 . C1S, O1S, and Ni2p of Ni-multilayer Gr (blue). 
